Introduction
From 2000-2015, roughly 75% of the global reduction in malaria parasite prevalence among children aged 2-10 years can be attributed to malaria control interventions (WHO, 2016) . Using insecticides either through indoor residual spraying (IRS) or insecticide-treated mosquito nets (ITNs) remain the primary tools for vector control and are still considered effective in most malaria-endemic settings. In the 2000s, the use of insecticide-treated mosquito nets was credited with reducing malaria mortality by 55% in children under 5 years of age in sub-Saharan Africa (WHO, 2014) . Other findings in different epidemiological settings have shown IRS and ITNs have substantially reduced all-cause infant and child mortality (Sharp et al., 2007; Akogbeto et al., 2011; Mashauri et al., 2013; Oxborough et al., 2014) . On Bioko Island in the Republic of Equatorial Guinea, malaria vector control strategies rely primarily on IRS and the use of long-lasting insecticidal nets (LLINs), which have reduced malaria parasite prevalence in children between 2-14 years old from 45% in 2004 to 12.5% in 2018 in 18 sentinel sites, and 10.9 in the whole Island (Kleinschmidt et al., 2007; Bradley et al., 2015; BIMCP, 2018 Report) .
The World Health Organization (WHO) recommends the use of IRS and ITNs as the primary vector control interventions for reducing and interrupting malaria transmission, and states that they should both be part of national malaria control strategies (WHO, 2006) . However, realizing the full potential of IRS and ITNs in reducing malaria transmission depends largely on the effectiveness of the insecticides used for https://doi.org/10.1016/j.actatropica.2019.05.006 Received 14 March 2019; Received in revised form 7 May 2019; Accepted 7 May 2019 controlling malaria vectors (Najera and Zaim, 2003) . The development and extensive spread of insecticide resistance in malaria vectors is a threat to the effectiveness of such vector control tools in sub-Saharan Africa which has been well documented (Coleman et al., 2006; N'Guessan et al., 2007a; Ranson et al., 2011; Coleman et al., 2017) , and of particular relevance as 93% of the global malaria deaths occur in the region (WHO, 2018) . Ongoing resistance monitoring results indicate that the malaria vectors are resistant to the four classes of WHO-recommended insecticides (carbamates, organochlorines, organophosphates, and pyrethroids) (WHO, 2012) , and in 2016 resistance was reported in 71 malaria-endemic countries, with pyrethroid resistance being the most commonly reported (Coleman et al., 2017) . Presently, pyrethroids are the only insecticide recommended by WHO to use in ITNs, and a have accounted for a large share of the insecticide used for IRS programs worldwide (Coleman et al., 2017) . Furthermore, the decline of IRS coverage in sub-Saharan Africa, decreasing from 80 million people at risk in 2010, to 64 million in 2017, has largely been attributed to pyrethroid-resistance and the need to change or rotate to more expensive classes of insecticide (WHO, 2018) .
To preserve the susceptibility and slow the spread of insecticide resistance, the Global Plan for Insecticide Resistance Management (GPIRM) has called for the development of new active ingredients for IRS and ITNs in medium to long-term strategies for malaria vector control (WHO, 2012) . The GPIRM has outlined strategies to preserve the effectiveness of current vector control tools and at the same time develop new and innovative vector control tools for the future, to maintain progress towards malaria elimination. Mosaic spraying, rotational use of insecticides, integrated control strategies, and the use of combinations of two or more compounds of insecticides with different modes of action are currently recommended for vector control. Whereas some of these recommendations can be applied at the field level, the combination of compounds as a single product or formulation is only possible to achieve at the product development level. Following the GPIRM guidelines and the clear need to develop new insecticide classes, the WHO provided interim approval to a new insecticide class, chlorefenapyr (pyrolles), to be used for malaria vector control (WHO, 2017); through the recommendation of using the new ITN, the Interceptor G2. However, the recommendation does not extend to the use of IRS at this time.
This study describes the results of a field trial of Fludora™ fusion on Bioko Island, through the collaboration between the Bioko Island Malaria Control Project (BIMCP) and Bayer SAS. Bayer's Fludora™ fusion, is a combination of clothianidin (a neonicotinoid) and deltamethrin (a pyrethroid) with a new mode of action against malaria vectors. Whereas the mode of action for pyrethroids involves the opening of the sodium channels leading to continuous nerve excitation, paralysis and the eventual death of the vector, neonicotinoids act on the acetylcholine receptors (nAChRs) as agonists, inducing hyper-excitation of the nervous system (Soderlund and Bloomquist, 1989; Narahashi, 1992) . Hyper-excitation of the nervous system also leads to overstimulation of the voltage-sensitive sodium channels (Na-Channels) (Bodereau-Dubois et al., 2012) . A formulated combination of neonicotinoid (imidacloprid) and pyrethroid (flumethrin) has shown significant synergism in an efficacy and mortality study with various species of ticks and fleas for up to eight months (Stanneck et al., 2012) . Initial experimental huts trials of the insecticide product in Benin have demonstrated residual efficacy lasting 8-9 months on mud and cement against pyrethroid-resistant malaria vectors (Ngufor et al., 2017) . As of 2018, the World Health Organization Prequalification Team (WHO-PQT) added Fludora™ fusion to the pre-qualified list of insecticides to be used for IRS (WHO Prequalified Lists, 2019).
Material and methods

Study setting
The study was conducted on Bioko Island of the Republic of Equatorial Guinea, with a population of approximately 339,695 (Equatorial Guinea Population Census, 2015) , where malaria transmission occurs throughout the year. In 2004, Marathon Oil and partners, Noble Energy, GEPetrol, Atlantic Methanol Production Company (AMPCO) and SONAGAS, teamed up with the government of Equatorial Guinea and the National Malaria Control Program to develop the Bioko Island Malaria Control Project. The BIMCP is implemented by Medical Care Development International (MCDI), a non-profit organization, in collaboration with the London School of Hygiene and Tropical Medicine (LSTHM), Texas A&M University, and the Liverpool School of Tropical Medicine (LSTM). The first round of IRS was carried out on Bioko in 2004 using Alpha-cypermethrin (Fendona™ BASF SE). This was followed by biannual rounds of the carbamate insecticide, bendiocarb (Ficam ™ , Bayer) from 2005 to 2012. In 2013, a single round of a longlasting polymer-enhanced formulation of deltamethrin (K Othrine PolyZone, Bayer) was carried out. In 2014, a randomized control trial to compare the effectiveness of bendiocarb and deltamethrin (K Othrine PolyZone, Bayer) for use in IRS on Bioko was conducted (Bradley et al., 2016) . Bendiocarb was used again in 2015 and 2016 using a targeted strategy for focal spraying. In 2017 and 2018, Pirimimos-methyl, an Organophosphate (Actellic 300 CS, Syngenta) was used to conduct IRS. Additionally, large-scale distributions of LLINs were carried out in /2008 (Sharp et al., 2007 Cook et al., 2018; BIMCP, 2018 Report) .
Insecticide resistance monitoring
WHO's standard insecticide susceptibility cone bioassays were used for the routine monitoring of the phenotypic resistance profile of the local vector population from 2013 to 2018 (WHO, 2013a). Since then, the susceptibility for all four classes of insecticides has been monitored on a yearly basis using impregnated papers: deltamethrin 0.5%, bendiocarb 0.1%, malathion 5%, and DDT 4%. Mosquito larvae were collected at different locations on Bioko Island and raised to F1 adults (wild progeny) for the bioassays. Anopheles coluzzii, captured using human landing catches throughout the years at sentinel sites on the island from 2013 to 2016 were genotyped for L1014 F (kdr-w) and AChE G119S (Ace-1) mutations using a polymerase chain reaction (PCR) based assay (Martinez-Torres et al.,1998) . Biochemical tests (enzyme activity assays) for metabolic resistance were conducted in 2012 and 2015, after susceptibility test results indicated the presence of phenotypic resistance with a high frequency of kdr-w allele in the local vector population (Vontas et al., 2018) 
Evaluation of fludora™ fusion on Bioko Island
A sample of Fludora™ fusion WP-SB was sent to the BIMCP for a small-scale field trial in 2016. Using the BIMCP mapping system to uniquely identify houses, 10 houses made of wood were randomly selected and sprayed in Sampaka, a community within the Malabo Urban district that was not part of the 2016 IRS spray round with bendiocarb. Houses with different substrates other than wood were not selected for this study. The selected wooden houses were at least 800 m away from the nearest bendiocarb sprayed households and separated from one another by at least 50 m away. Trained spray operators were supervised to deposit the correct concentration of the insecticide (200 mg clothianidin and 25 mg deltamethrin per square metre) on indoor walls using the 15-liter capacity Hudson expert pumps (H.D Hudson Manufacturing Company, Chicago IL) (WHO, 2015) . Sprayed houses were monitored using the WHO's standard test procedure for determining residual efficacy of insecticides on sprayed surfaces (WHO, 2013a).
Wild Anopheles species larvae were collected from the field at different locations on the Island and bred in the insectary to F1 adults (wild progeny). Unfed female Anopheles mosquitoes 3-5 days old were used for the tests. The insectary had a temperature-controlled environment of between 26°C ± 2°C and humidity of about 75%-90%. The number of houses tested in a given month depended on the numbers of F1 adult female Anopheles reared in that particular month. A minimum of six sampling sites and a maximum of 12 sites were monitored throughout the study period. Temperature conditions in the houses during the period ranged between 27°C-30°C, with humidity ranging from 60% to 80%. WHO cones were placed at three different levels on the sprayed walls: the upper part of the walls at a height of 70 cm from the ceiling or roof, the middle portions, and the bottom parts of the walls at about 50-70 cm from the floor (Fig. 1.) . Ten F1 adult females were placed in each cone and exposed to the insecticide for 30 min. After 30 min, the mosquitoes were aspirated and placed in labeled paper cups with 8% sugar solution and transported to the insectary. Two control tests for six sampling sites that were not exposed to Fludora™ fusion were also monitored. Verbal consents were obtained from homeowners before proceeding with the tests. The National Malaria Control Program (NMCP) of the Ministry of Health and Social Welfare, Equatorial Guinea, granted the ethical approval for the study.
Mosquito mortality was recorded 24 h after exposure and observed daily for up to 72 h for delayed mortality. Where the control mortalities were within the range of 5%-20%, the average observed mortalities were corrected using Abbott's formula (WHO, 2013b) . Spraying with the Fludora™ fusion sample was carried out in June 2016 and the evaluation took place from August 2016 to March 2017.
Results
Susceptibility and target-site tests
The main malaria vectors on Bioko Island consist of An. coluzzii and An. melas (Meyer et al., 2016) . Susceptibility profiles for deltamethrin were monitored on 0.05% deltamethrin impregnated papers, with results indicating a downward trend in vector mortality rate from 2013 (97%) to 2016 (38%). The mortality rate for deltamethrin in 2013 was just close to the 98% efficacy threshold (97.5%). However, in 2014, the vector mortality rate dropped to 79.5%, followed by a significant drop in 2015 and 2016 of 29% and 38%. While the susceptibility of the vectors to deltamethrin decreased from 2013 to 2016, the frequency of kdr-w allele (L1014 F) increased during the same period (Fig. 2) . The percentage frequency of kdr-w in the vector population was 48.6% in 2013 and increased to 68.1% in 2014, followed by 78%, 80.9% and 87.0% in 2015, 2016 and 2017 respectively.
The results of the susceptibility tests carried out from 2013 to 2017 using impregnated papers with 0.01% bendiocarb (carbamate), 4% DDT (organochlorine) and 5% malathion (organophosphate) are summarized in Table 1 .
Whereas the vectors were completely susceptible (100% mortality) to malathion and bendiocarb between 2013 and 2017, they were resistant to DDT since 2014. Acetylcholinesterase target-site mutation (AChE G119S) that confers resistance to carbamates and organophosphates have not been detected in the local vector population.
Results of the evaluation of Fludura™ fusion
The field evaluation of Fludora™ fusion commenced in August 2016, two months after spraying in June. Mortality rates were determined at 24 h after exposure. Delayed mortalities were also determined at 48 h and 72 h after exposure. In Fig. 3 , mortality rates of 100% were recorded for up to three months after spraying at 24 h, 48 h and 72 h of observation. Evaluation was not carried out in the fourth month. In the fifth month, the mortality rates for all three observation periods were above the 80% threshold. Although the mortality rate after 24 h of observation in the sixth month was slightly below 80% (78%), the delayed mortalities at 48 h and 72 h were above 80%. In the seventh month however, the mortality rate after 24 h of observation went slightly above 80% (81%). In the eighth month, only the delayed mortalities at 72 h of observation were above 80%. The test was extended into the ninth month that observed both immediate and delayed mortalities below 80%. Thus, on Bioko Island, the residual efficacy on wooden surfaces of the insecticide is within the range of 7-8 months.
Discussion
The use of IRS and LLINs on Bioko Island as an integrated malaria vector control strategy has significantly reduced malaria parasite prevalence in 2 to 14-year-olds from 45% at baseline of the interventions in 2004 to 12.5% in 2018 (Cook et al., 2018) . The EIR has also dropped from 425 infective bites per person per annum in 2009 to as low as 4 infective bites per person per annum in 2016 (Overgaard et al., 2012 , Meyers et al., 2016 . Additionally, all-cause under-five mortality declined from 152 per 1000 live births to 55 per 1000 live births within the first four years of the intervention (Kleinschmidt et al., 2009; Bradley et al., 2015) .
From 2004-2018, three classes of insecticides (pyrethroids, carbamates, and organophosphates) were used extensively for malaria vector Fig. 1 . Standard WHO cone bioassay with Fludora™ fusion insecticide on wooden surface on Bioko Island. G. Fuseini, et al. Acta Tropica 196 (2019) 42-47 control. It is well documented that extensive and repeated use of insecticides leads to selection pressure of resistance genes in malaria vector populations (Vulule et al., 1994; N'Guessan et al., 2007b) , the BIMCP conducts phenotypic, target-site, and metabolic resistance monitoring analysis as an integral component of the vector control activities on Bioko (Reimer et al., 2005; Hemingway et al., 2013; Meyer et al., 2016; Vontas et al., 2018) . Metabolic resistance analysis conducted by LSTM in 2012 found a low level of up-regulation in a number of oxidative stress genes tested in sampled vector mosquitoes from the island. The low level up-regulation was observed to have no IRS operational significance of metabolic resistance of the vectors to pyrethroids (Hemingway et al., 2013) . The following year, in 2013 WHO susceptibility tests showed that the malaria vectors on Bioko were phenotypically susceptible to carbamates, organophosphates, and pyrethroids. Additionally, AChE G119S mutations were not detected but the frequency of kdr-w was about 48.6% (Hemingway et al., 2013) . Therefore, the BIMCP switched to deltamethrin for IRS in 2013, as (1) there was no evidence that P450-based metabolic resistance mechanisms were present (Hemingway et al., 2013) ; (2) following the WHO recommendation on rotation of insecticides to manage resistance; and (3) the formulation of deltamethrin was long acting as compared to the short residual life of bendiocarb, which reduced costs of spraying by conducting only one spray round per year. In 2014, a cluster randomized trial to compare the effectiveness of deltamethrin versus bendiocarb for IRS on Bioko, suggested that bendiocarb was more effective at preventing malaria (Bradley et al., 2016) . However, the difference between the two insecticides was not significant and consequent susceptibility tests confirmed that mortality with deltamethrin was only (79.4%) and PCR-based target-site knockdown resistance (68.1%). These results suggested further investigation into the mechanism of the Fig. 2 . Mortality rate of Anopheles vectors exposed on deltamethrin and the frequency of kdr-w allele. Fig. 3 . Mortality rates of Anopheles vectors exposed on to Fludora™ fusion on wooden surface. G. Fuseini, et al. Acta Tropica 196 (2019) 42-47 resistance was needed, resulting in another round of metabolic resistance analysis carried out by LSTM on local malaria vectors in 2015.
These new results indicated that all An. gambiae s.l. that survived the bioassay test after 24 h of observation were An. coluzzii, and all were homozygous for kdr-w mutations. Furthermore, survivors had several upregulated cytochrome P450 s. Of the 48 genes that were significantly overexpressed, four were P450s: Cyp6P4, Cyp9K1, Cyp6Z1, and Cyp6Z2. For instance, CYP9K1 that was over-expressed by 6-10-fold and was able to metabolize 32% of the deltamethrin applied following a 2 -h incubation period. However, bendiocarb was not metabolized by CYP9K1, with no substrate depletion after 20 min incubation (Vontas et al., 2018) . Thus, the malaria vector population on Bioko had developed both target-site and metabolic resistance to deltamethrin, and could no longer be used for IRS. Furthermore, the susceptibility testing on DDT 4% also revealed the vectors were resistant to organochlorines. Previous findings have suggested that knockdown resistance confers cross-resistance to DDT and pyrethroids (Soderlund and Knipple, 2003) . Additionally, widespread metabolic resistance to pyrethroids and knockdown resistance have been observed in An. gambiae s.l. in West Africa (Chandre et al., 1999; Etang et al., 2006; Pinto et al., 2006) . Based on these results, carbamates and organophosphates, with similar mode of action, were the only available insecticide options for IRS on Bioko.
For the distribution of LLINs on Bioko, the BIMCP is currently using Olyset Plus nets (Sumitomo Chemical Co., Ltd) that contain permethrin and Piperonyl Butoxide (PBO) for its mass net distribution campaigns. Although a recent multi-country study indicated that nets provided protection against malaria infection regardless of resistance frequency (Kleinschmidt et al., 2018) , there have been reported vector control failure associated with insecticide resistance and the use of IRS (Coetzee et al., 2013) . In 2012, The BIMCP and the Ministry of Health of Social Welfare (MOHSW) of Equatorial Guinea developed the National Operational Plan for Insecticide Resistance Management for Bioko Island, which originally recommended the rotational use of pyrethroids and carbamates (Hemingway et al., 2013) . The Plan was updated in 2015 based on the updated resistance monitoring data and recommended to rotate the use of carbamates and organophosphates for IRS with bendiocarb and pirimiphos-methyl (Actellic 300CS) being the insecticides of choice. However, due to the short residual life of bendiocarb, which required two spray rounds a year; and while Actellic 300CS has a longer residual life, requiring only one spray round a year, the rotation of these insecticides, with a similar mode of action, represents a major cost for vector control programs. It has been estimated that the rotational use of carbamates and organophosphates as a result of pyrethroids' failure may increase the cost of IRS by 30-70% (WHO, 2012) . A recent study on the susceptibility of the mosquito population on Bioko has shown that even though Anopheles vectors are susceptible to the two classes of insecticide, carbamates and organophosphates, Culex mosquitos, mainly Culex quiquefasciatus (90.7%) are resistant to all classes of insecticide . Therefore, the BIMCP seeks an additional class of WHO approved insecticide with a different mode of action and potentially effective against Culex mosquitoes for use in rotation with carbamates and organophosphates for IRS.
This study has demonstrated that the new formulation of the Fludora™ fusion combination can control pyrethroid-resistant malaria vectors on Bioko Island for a period of up to 8 months on wooden surfaces. Using the threshold of 80% mortality, the residual efficacy of the formulation was seven months for immediate mortality at 24 h of observation. However, the residual efficacy of the combination was extended up to 8 months for delayed mortality at 72 h of observation. Despite these promising results, the beneficial effect of the combination compared to the effect of clothianidin alone was not evaluated in this study. Experimental huts trial of the combination in Benin has demonstrated considerably high induced mortality (60-80%) and long residual mortality against wild pyrethroid resistant mosquitoes on mud walls for 9 months compared to cement and wooden walls between 6-8 months. The Benin study also showed that when clothianidin was applied alone or in combination with deltamethrin, mortality was induced with a full effect only after 5 days of observation, while we only observed delayed mortality for up to 3 days post-exposure. However, delayed mortality was not strongly expressed with deltamethrin alone (Ngufor et al., 2017) .
Conclusion
The Bioko Island Malaria Control Project (BIMCP) through the NMCP of Equatorial Guinea, like other malaria programs around the world, is under increasing threat of target mosquitoes developing resistance to the WHO recommended insecticides. Insecticide resistance is exerting major costs on vector control, thereby forcing programs to scale-down IRS coverage. Fludora™ fusion, a combination of clothianidin and deltamethrin with a different mode of action, has been shown to have residual efficacy on Bioko Island lasting for a period of 8 months and, if given WHO recommendation, may be used as a potential insecticide to rotate with carbamates and organophosphates to control pyrethroid-resistant mosquitoes. The combination insecticide has been listed by the WHO-PQT for IRS and its use could help preserve the effectiveness of pyrethroids and make a significant contribution to the overall mission of malaria elimination in Equatorial Guinea and other malaria-endemic countries globally.
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